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a b s t r a c t 
In this study a systematic and model-based approach for a process development focusing on pressur- 
ized hot water extraction (PHWE) is investigated, considering potential thermal degradation of high- 
value compounds. For extraction of 10-deacetylbaccatin III (10-DAB) from yew as a representative test 
system, water at 120 °C provided the best compromise between extraction yield and thermal degrada- 
tion. A yield of almost 100% with regard to the overall amount of 10-DAB was reached in only 20 min. 
Each experiment for model parameter determination was carried out with 1.9 g of plant material at 
a ﬂowrate of 1 mL/min and an applied pressure of 11 bar. All experimental values are assessed by a 
physico-chemical (rigorous) extraction model with experimental values and simulation results showing 
high conformity. In order to demonstrate the usability of the extraction model and model parameter de- 
termination a scale-up prediction was calculated. The scale-up experiments were predicted precisely and 
thus the model validated. The experiments and the simulation results for a column with a volume of 
104 mL and a mass of 22 g yew needles were consistent with the milli-scale used for model parameter 
determination. 
© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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(. Introduction 
The extraction of valuable compounds from plant material is
ainly performed with conventional organic solvents. Many of
hese solvents have unwanted aspects like ﬂammability, volatil-
ty, toxicity, and jointly contribute to environmental pollution and
he greenhouse effect. Moreover, it must be proven that residuals
f these solvents in the extracts cause no health risk when con-
umed, for example as pharmaceuticals [1] . These drawbacks call
or alternative solvents and processes. Various methods have been
ublished in terms of “Green Extraction” [1] to reduce or even
void conventional solvents. Both et al. described the extraction of
olyphenols from black tea with the aid of ultrasound [2] . Another
lternative solvent is supercritical CO 2 which is already state of the
rt for the extraction of hop and coffee [3] . Further alternative sol-
ents, like δ-limonene, ionic liquids or agro-solvents like ethanol
an be found in recent publications [4–7] . ✩ Peer review under responsibility of Tomsk Polytechnic University. 
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ttp://dx.doi.org/10.1016/j.reﬃt.2017.03.007 
405-6537/© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. This is an ope
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) Another alternative green solvent is water, which will be the fo-
us of this work. Its window of polarity and thereby its solubiliza-
ion potential can be substantially increased, if water is used under
igh temperature and pressure as a solvent for phytoextraction. 
. Materials and methods 
.1. General principles 
In pressurized hot water extraction (PHWE), the extraction of
aluable compounds from plants is carried out with water in the
emperature range above its atmospheric boiling point but below
he critical point. Water’s polarity is typically quantiﬁed by the di-
lectric constant ε, which however can be changed over an ex-
remely wide range by varying temperature. Under ambient con-
itions ε of water has a value of roughly 80, decreasing to 34.8 at
00 °C, thus being close to the value of methanol (32.7) at ambient
onditions [8,9] . The corresponding dielectric constant of various
rganic solvents under normal conditions and the data for water
re given in Fig. 1 . 
The dielectric constant of water can be calculated by equation
1) [10] . n access article under the CC BY-NC-ND license. 
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sNomenclature 
A parameter for equation (1) , m 3 /kg 
a P speciﬁc surface area, 1/m 
B parameter for equation (1) , m 6 /kg 2 
C parameter for equation (1) , m 6 /kg 2 
c L concentration in the liquid phase, kg/m 
3 
c P concentration in the porous particle, kg/m 
3 
c v concentration in a speciﬁc vessel, kg/m 
3 
D parameter for equation (1) , m 6 /kg 2 
D ax axial dispersion coeﬃcient, m/s 
2 
D eff effective diffusion coeﬃcient, m 
2 /s 
E parameter for equation (1) , m 6 /kg 3 
F parameter for equation (1) , m 6 /kg 3 
G parameter for equation (1) , m 6 /kg 3 
H parameter for equation (1) , m 8 /kg 4 
I parameter for equation (1) , m 8 /kg 4 
K parameter for equation (1) , m 8 /kg 4 
k reaction rate coeﬃcient, depending on order of 
reaction 
K L equilibrium constant, m 
3 /kg 
k EC rate coeﬃcient in the extraction column, depending 
on order of reaction 
k f mass transport coeﬃcient, m/s 
k SV rate coeﬃcient in the storage vessel, depending on 
order of reaction 
n order of reaction, –
Pe Péclet number 
q loading, kg/m 3 
q max maximum loading, kg/m 
3 
Re Reynolds number 
r radius, m 
Sc Schmidt number 
Sh Sherwood number 
T temperature, K 
t time, s 
T ∗ normalized temperature for equation (1) , –
u z superﬁcial velocity, m/s 
V volume, m 3 
˙ V volume ﬂow, m 3 /s 
z coordinate in axial direction, m 
ε dielectric constant, –
ε voids fraction, –
ρ density, kg/m 3 
ρ∗ normalized density for equation (1) , –
τ EC residence time in the extraction vessel, s 
τ SV residence time in the storage vessel, s 
Abbreviations 
10-DAB 10-deacetylbaccatin III 
RP-HPLC reversed phase high performance liquid 
chromatography 
DAD diode array detector 
DPF distributed plug ﬂow 
i.d. inner diameter 
PEEK polyether ether ketone 
PHWE pressurized hot water extraction 
rpm revolutions per minute 
ε = 1 + 
(
A 
T ∗
)
ρ ∗ + 
(
B 
T ∗ + C + DT ∗
)
ρ∗2 
+ 
(
E 
T ∗ + FT ∗ + GT ∗
2 
)
ρ∗3 + 
(
H 
2 
+ I 
T ∗ + K 
)
ρ∗4 (1)T ∗ ∗ = T 
298 . 15K 
∗ = ρ
10 0 0 kg/m 
3 
 = +7 . 62571 
 = +244 . 003 
 = −140 . 569 
 = +27 . 7841 
 = −96 . 2805 
 = +41 . 7907 
 = −10 . 2099 
 = −45 . 2059 
 = +84 . 6395 
 = −35 . 8644 
Besides the dielectric constant of water, some other parameters
re affected by temperature increase. For example the pH, which is
 at normal conditions, changes to a value of 5.5 at 250 °C. Some
ther highly temperature-sensitive parameters are the surface ten-
ion, self-diffusivity and viscosity [9] . 
In recent publications the pressurized hot water extraction was
nvestigated for the extraction of phenolic compounds, lignans,
arotenoids, oils, lipids, essential oils and other bioactive com-
ounds [11] . Rodriguez-Meizoso et al. [12] described the extrac-
ion of nutraceuticals from oregano leaves. The highest antioxidant
ctivity and yield were achieved at a temperature of 200 °C. Opti-
ized extraction conditions using water at 20 0 °C and 20 0 bar with
n overall extraction time of 30 min were found by Bajer et al. for
xtraction of capsaicinoids from chilies [13] . The results showed a
igher yield and productivity compared to Soxhlet extraction with
ure methanol. Vázquez et al. [14] optimized the extraction con-
itions for anthraquinones from cegadera, which show antibacte-
ial, antiviral, and anticancer activity. A temperature of 170 °C was
ound to give the best results. At higher temperatures the yield de-
reases due to thermal decomposition. Different areas of applica-
ion for PHWE like the extraction of plants and food materials, the
nalysis of organic contaminants in food, extraction of pesticides
nd herbicides in soils and the treatment of environmental sam-
les for analytical purpose like brominated ﬂame retardants are
isted by Teo [15] . 
.2. Experimental setup 
.2.1. Milli-scale device for extraction experiments 
The ﬂow diagram of the PHWE equipment for batch extrac-
ion experiments is shown in Fig. 2 . The water is pumped from
 storage vessel with a HPLC pump P130 from VWR® to the ex-
raction column ﬁlled with ground plant material. The extraction
olumn is made from stainless steel with 10 mm i.d. ×100 mm (ap-
rox. 7.85 mL). The column itself and a coil made of a steel capil-
ary (length = 3 m, i.d. = 1 mm) are placed in a GC oven HP 5890
eries II Plus serving as heating device. The water is preheated in
he coil before reaching the extraction column. The extract leaves
he extraction column at the back-end where a ﬁlter frit serves for
olid–liquid separation. The extract is transferred into a second coil
or effective cooling (length = 3 m, i.d. = 1 mm). The pressure drop
s adjusted to 11 bar with a valve to keep the water in the liquid
tate. 
M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 179 
Fig. 1. Dielectric constant chart, values from Ref. [8] and equation (1) . 
Fig. 2. Flow diagram of the milli-scale PHWE equipment for batch extraction experiments. 
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o  .2.2. Milli-scale device for determination of thermal degradation 
To determine the thermal degradation of the investigated com-
onents during extraction, the milli-scale device is modiﬁed to op-
rate in recycling mode. This setup is shown in Fig. 3 . The extract
s transferred into the storage vessel (max. 100 mL) and is recycled
uring the whole process. Thus the target component accumulates
n the system and occurring degradation effects can be studied.
he storage vessel itself is located in an ultrasonic bath for mix-
ng and avoiding possible agglomerates as well as concentration
radients inside the vessel. .2.3. Lab-scale device 
The ﬂow diagram of the lab-scale device is shown in Fig. 4 . The
ater is pumped with a HPLC Pump P130 from VWR into a heater.
he heater consists of a coiled steel capillary with a length of 6 m
nd an inner diameter of 1 mm. This coil is located in an oil-bath
eated by an IKA® Ret basic heating plate. The water’s tempera-
ure leaving the heater is measured and monitored. Following the
eater the water stream can be split by a two-way valve. One ﬂow
eads directly into a cooler and through a valve into waste. This
ption serves as a bypass while adjusting the heater in order to
180 M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 
Fig. 3. Flow diagram of the milli-scale PHWE equipment in recycling mode. 
Fig. 4. Flow diagram of the lab-scale PHWE equipment. 
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0ensure a constant temperature of the water at the desired ﬂow.
Once the water temperature is constant, the two-way valve is
switched to the extraction column. The column is made of stain-
less steel with 24 mm i.d. ×230 mm (approx. 104 mL). Just like in
the milli-scale device, ﬁlter frits provide the solid–liquid separa-
tion. Through a double jacket the column is heated by an oil-ﬁlled
cryostat from Lauda®. The extract leaving the column is cooled
by a coiled steel capillary (length = 6 m, i.d. = 1 mm) and passes
a valve to reach a pressure drop comparable to the milli-scale de-
vice. The processed extract is stored in a vessel. 
2.3. Plant material 
In this work yew needles serve as a representative test system
which is commonly used in the institute [16] . The needles were
ordered from CfM Oskar Tropitzsch, Marktredwitz Germany. From
yew, 10-deacetylbaccatin III can be obtained, serving as a precur-or for the anti-cancer drug Paclitaxel® [17] . The yew needles are
ir dried and have a residual moisture of about 8 wt.-% and are
tored in a cooling chamber at 8 °C prior to extraction. To maxi-
ize the mass transfer area during PHWE the needles are grinded
n a knife mill Retsch® Grindomix GM 200 for 4 s at 40 0 0 rpm. The
articulates are classiﬁed with sieves to determine the mean parti-
le diameter (x 50 = 1 mm) needed for proper modeling and also to
void dust formation which could block the frits of the extraction
olumns and increase back pressure. 
To calculate the yield of extraction the total amount of 10-DAB
 10DAB, total in the yew needles was determined a priori by con-
entional exhaustive solvent extraction in percolation mode. The
rocedure is described in detail in [16,18] . 
ield = m 10 DAB , extracted 
m 10 DAB , total 
(2)
The total amount of 10-DAB referred to dry mass was
.183% ±0.013% (standard deviation). 
M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 181 
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o  .4. Analytics 
The 10-DAB in the liquid extract is analyzed with an Elite La
hrom ® HPLC using a diode array detector DAD-L 2455 from Hi-
achi® and a Merck® PharmPrep P100 RP-18 250 ×4 mm analyti-
al column. The samples are ﬁltered through a 0.2 μm syringe ﬁl-
er and injected undiluted into the HPLC. The calibration is carried
ut with an external standard. The pure 10-DAB is ordered from
igma-Aldrich. The samples were analyzed right after extraction to
void any inﬂuence of storage. The method for analysis was already
ublished by the authors [16,18,19] . 
. Theory and calculations 
In general, solid–liquid extraction is described by several par-
ial models. The corresponding equations and assumptions can be
ound in detail in the literature. The simplest models are black-
ox/statistical models followed by short-cut models including sep-
ration factors and stage eﬃciency as a lumped factor of all non-
dealities. Both approaches are not predictive and therefore not
cale-able. Rigorous (or physico-chemical) models separate the dif-
erent effects of the mass balance including ﬂuid dynamics, phase
quilibrium, mass transfer, as well as an energy balance. This al-
ows prediction, even in scale, because according to theory only
uid dynamics and energy balance should differ in scale. Moreover,
t allows in laboratory scale with minimal material amounts the
xperimental determination of the phase equilibrium which is not
vailable for complex molecules and mixtures in data bases and of
he relevant mass transfer coeﬃcients if the ﬂuid dynamics (and
nergy balance) of the scaled-down equipment is well described
nd taken into account [18,20,21] . 
In the following, only a brief overview of the model is given.
n addition, relevant adaptations to predict PHWE are highlighted.
he parameter determination will be shown in detail in this paper.
Because all devices used in this study were operated in perco-
ation mode, the mass balance in the liquid phase is described by
he distributed plug ﬂow model (DPF). It serves for modeling the
acroscopic mass transport in the extraction column. For the solid
hase a pore diffusion model describes the mass transport in the
lant material’s pores. The raw material’s residual load of target
omponents and the corresponding extract’s concentration are ac-
ounted for by equilibrium curves. 
The target component’s mass balance in the ﬂuid phase (eq. (3) )
onsiders accumulation, axial dispersion, convective mass transport
nd mass transfer from the plant material’s pores into the bulk
hase. 
∂ c L ( z , t ) 
∂ t 
= D ax · ∂ 
2 c L ( z , t ) 
∂ z 2 
− u z 
ε 
· ∂ c L ( z , t ) 
∂ z 
−1 − ε 
ε 
· k f · a P · [ c L ( z , t ) − c P ( r , z , t )] − k · c n L (3) 
The axial dispersion coeﬃcient D ax describes the non-ideality
f the ﬂux in the tubular extraction vessel and is derived by corre-
ations using the Reynolds and Péclet number. 
e = u z d P ρL 
ηε 
(4) 
For the calculation of the Reynolds number the empty tube ve-
ocity u z has to be calculated with regard to the continuity con-
ition. The mean particle diameter d P is measured by sieve anal-
sis. The solvent density as well as the viscosity can be found in
ommon table values [22,23] . The porosity of the packed bed can
e measured by tracer experiments, which are routine engineering
ractice, e.g. in chromatography. 
e = 0 . 2 
ε 
+ 0 . 011 
ε 
( ε Re ) 0 . 48 (5) Thereafter, the Péclet number is calculated by the correlation of
hung [24] . Finally equation (6) provides the value of D ax . 
 ax = d P u z 
ε Pe 
(6) 
Mass transfer from the particle into the bulk phase is calcu-
ated using the mass transfer coeﬃcient k f and the speciﬁc par-
icle surface a P . The speciﬁc surface area a P is calculated with
quation (7) . 
 P = 6 
d P 
(7) 
The mass transfer coeﬃcient k f is derived by correlations that
re widely used in chromatography and were already applied suc-
essfully for solid–liquid extraction [16] . 
c = η
ρL · D 12 
(8) 
h = k f · d P 
D 12 
(9) 
h = 2 + 1 . 1 · Sc 0 . 33 · Re 0 . 6 (10) 
In addition to the distributed plug ﬂow model, a degradation
inetic is introduced to describe the thermal decomposition of the
nvestigated components. The rate constant k and the exponent
 are measured by recycling the extract continuously which will
e described in detail in the ongoing sections of this article. Typi-
ally an Arrhenius equation takes into account the dependency on
emperature. 
Under the assumption of spherical particulates, the following
quation can be derived as a mass balance for the target compo-
ent in the plant material. The effective diffusion coeﬃcient D eff
as to be measured by real extraction experiments. 
∂q ( z , r , t ) 
∂t 
= D eff ( r ) ·
(
∂ 2 c P ( z , r , t ) 
∂r 2 
+ 2 
r 
· ∂c P ( z , r , t ) 
∂r 
)
+ ∂D eff ( r ) 
∂r 
· ∂c P ( z , r , t ) 
∂r 
(11) 
The adsorption/desorption equilibrium inside the pores is de-
cribed through equilibrium curves. Herein q is the plant material’s
esidual load linking the equilibrium curve with the pore diffusion
odel. A well-known approach is e.g. the Langmuir-equilibrium.
he parameters K L and q max can be derived from measurements.
he maximum load q max is the total amount of 10-DAB introduced
n section 2.3 . 
 = q max · K L · c 
1 + K L · c 
(12) 
In recycling mode, equation (13) is used to describe the mass
alance for the storage vessel. In equation (13) V is the vessel’s
olume, ˙ V the ﬂux, c L the concentration at the extraction column 
utlet and c V the concentration of the target component inside the
essel itself. 
 · ∂c V 
∂t 
= ˙ V · ( c L − c V ) (13) 
The equation is needed, because in recycling mode the concen-
ration c L of the target component in the ﬂuid entering the extrac-
ion column is not zero as in the case in the normal extraction
ode, because the ﬂuid is pre-loaded. For batch extraction, equa-
ion (13) is not taken into account because fresh solvent is applied.
. Results 
The aim of this work is to perform the model parameter de-
ermination in the milli-scale device with the smallest amount
f plant material possible. Subsequently, the degradation kinetic
182 M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Results of batch extraction with different temperatures. 
Fig. 6. Results of thermal degradation experiments at different temperature levels. 
Table 1 
Rate constants and orders of reaction (h = hour, g = gram, L = liter). 
120 °C 140 °C 180 °C 
k = 0 . 8928 · 1 
h 
·
(
L 
g 
)0 . 1627 
n = 1.1627 
k = 0 . 6624 · 1 
h 
·
(
g 
L 
)0 . 0856 
n = 0.9144 
k = 0 . 3290 · 1 
h 
·
(
g 
L 
)0 . 3495 
n = 0.6506 
e  
l  
t  
p  
c  
t  
g  
k  
t  
ineeds to be adapted from the recycling mode to the simulation
of the actual extraction. To show the usefulness of the model and
the parameter determination, scale-up experiments are performed
and simulated. The experimental pathway is as follows: 
1 Run a screening of temperature in batch extraction experiments
using the milli-scale device. 
2 Measuring and calculation of the degradation kinetics in the re-
cycling mode of the milli-scale device. 
3 Simulation of the extraction curves based on batch extractions
performed in milli-scale. 
4 Simulation and experimental validation of the scale-up with the
lab-scale device. 
4.1. Experiments 
Several experiments were carried out to investigate the effect
of temperature increase on degradation of the target component
and the overall extraction kinetics. The investigated temperature
levels for determining the degradation kinetics were ambient tem-
perature, 120 °C, 140 °C and 180 °C. The scale-up experiments were
carried out by keeping the residence time in the extraction column
constant. Thus 22 g of yew needles are used, the ﬂux is 15 mL/min
at ambient temperature and 120 °C. Because 10-DAB is a precur-
sor for the semi-synthesis of cancer drugs, a puriﬁcation pathway
follows the extraction anyway, thus the extraction itself only has
to be optimized to highest possible yield and productivity for a
cost- and resource-eﬃcient overall process design [16] . Puriﬁcation
is achieved during the following process steps such as liquid–liquid
extraction and chromatography. Therefore only yields are consid-
ered as optimization criteria in this paper. 
Remark. Every experiment is performed in triplicates. In the fol-
lowing the graphs show the mean values as data points. The drawn
lines only serve for a better visualization! The error bars repre-
sent the standard deviation of the measurements. If no error bars
are visible they are within the symbol size of the individual data
points. 
4.1.1. Extraction 
The basic inﬂuence of temperature during PHWE is investigated
by batch extraction experiments at ambient temperature, 120 °C,
and 180 °C in milli-scale. The results are plotted in Fig. 5 . 
10-DAB was almost completely extracted after 55 min. at ambi-
ent temperature. It is remarkable that the predominant non-polar
molecule 10-DAB can be extracted with polar water. Similar re-
sults are already described in literature and can be traced to nat-
ural solubilizers contained in the yew needles [16] . By increas-
ing the temperature to 120 °C an almost complete leaching was
achieved within 15 min. Thus the productivity of the extraction is
more than three times higher. A further increase in temperature
leads to a yield of only about 78%. Obviously, thermal degradation
takes place, which will be investigated in detail in the following.
Please note that in this case extraction takes place in the percola-
tion mode by applying fresh solvent, so there are no equilibrium
limitations, and 100% yield is possible. 
4.1.2. Thermal degradation 
Thermal degradation of the target compound is investigated
with the milli-scale device in recycling mode. Samples are taken
directly from the storage vessel. The results are shown in Fig. 6 . 
At ambient temperature an equilibrium yield of about 77% is
reached after 120 min. An equilibrium is reached, because in com-
parison with the experiments depicted in Fig. 5 the extract is con-
tinuously recycled, thus no fresh solvent is supplied, and no ex-
haustive extraction is possible. By applying higher temperature, thextraction kinetics become signiﬁcantly faster. At 120 °C an equi-
ibrium yield of about 77% is reached after 20 min, thus being 6
imes faster compared to extractions carried out at ambient tem-
erature. After about 20 min however, obviously degradation oc-
urs and yield drops to 20% after 240 min of extraction time. This
rend ampliﬁes with higher temperature. At 180 °C almost no tar-
et component can be detected after only 120 min. The degradation
inetics are linearized to derive the rate constant and the order of
he reaction for proper modeling. The resulting values are shown
n Table 1 . 
M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 183 
Table 2 
Converted rate constants and orders of reaction (h = hour, g = gram, L = liter). 
120 °C 140 °C 180 °C 
k = 6 . 1908 · 1 
h 
·
(
L 
g 
)0 . 1627 
n = 1.1627 
k = 5 . 0627 · 1 
h 
·
(
g 
L 
)0 . 0856 
n = 0.9144 
k = 2 . 2813 · 1 
h 
·
(
g 
L 
)0 . 3495 
n = 0.6506 
Fig. 7. Results of scale-up experiments in comparison to the milli-scale device. 
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Fig. 8. Simulation results of the degradation kinetics. 
4
 
a  
T  
d
R  
t  
s  
s  
s
4
 
p  
p  
m  
c  
p  
o  
t
 
a  
c  
a  
d  
n  
0  
o  
a
 
a  
c  
p  
d
4
 
m  
f  
m  Because the samples are taken from the storage vessel and not
rom the extraction tube itself, stirred-tank-reactor-like pseudo-
inetics are measured, which have to be converted according to
eaction technology fundamentals [23,25] . On one hand, there are
elatively low concentrations of the target compound in the vessel,
eing the basis for the calculation of the kinetic parameters. On
he other hand, the ﬂuid’s and therefore the target component’s
esidence time is signiﬁcantly longer in the storage tank compared
o the extraction column, where the reaction takes place. Conse-
uently, the measured rate constants have to be higher and thus
re converted, correlating the speciﬁc residence time in the stor-
ge vessel and the extraction column by equation (14) . The rate
onstant in the extraction column is k EC , in the storage vessel k SV .
EC and τ SV represent the corresponding residence times. 
 EC = k SV ·
τSV 
τEC 
(14) 
The resulting rate constants are shown in Table 2 . The order of
eaction remains the same for all temperatures. 
A standard description for temperature dependency is the im-
lementation of the Arrhenius equation. This approach has been
iscarded because of the change of reaction kinetics order with
emperature. 
.1.3. Scale-up 
By evaluating the results of the extraction experiments and the
egradation kinetics, operating at 120 °C seems to be the most pro-
uctive way for a complete extraction of 10-DAB from the yew
eedles in the examined temperature ﬁeld. To show the validity of
he method, scale-up experiments are carried out at this tempera-
ure with a 13 times larger column volume. The residence time is
ept constant when scaling-up from the milli-scale device to the
ab-scale device. The results are plotted in Fig. 7 . 
The data indicate the strong conformity between the results ob-
ained from the milli-scale device and the lab-scale device. .2. Modeling and simulation 
Modeling and simulation are beneﬁcial tools for an eﬃcient
nd cost saving optimization of pressurized hot water extraction.
herefore, the experimental results, as shown above, serve as a
ata basis for the simulation shown in this chapter. 
emark. In all of the following charts the data points represent
he measurement data whereas drawn lines show simulated re-
ults. The error bars represent the standard deviation of the mea-
urements. If there are no error bars visible they are within the
ymbol size of the individual data points. 
.2.1. Modeling of the degradation kinetics 
Degradation is one of the most relevant parameters concerning
ressurized hot water extraction. For that reason, it is crucial for
rocess development and therefore has to be incorporated into the
odel. The simulation results are shown in Fig. 8 . The Langmuir
onstant K L is derived from the equilibrium data at ambient tem-
erature and is assumed to be constant over temperature. More-
ver, due to thermal degradation, equilibrium effects will not affect
he system. 
The simulation showed high sensitivity toward the order of re-
ction with temperature. By applying the converted reaction rate
oeﬃcients of Table 2 the order of reaction had to be adjusted by
bout 26% for 180 °C, only 0.1% for 140 °C and 10% for 120 °C in or-
er to meet the experimental data best. The coeﬃcient of determi-
ation (R 2 ) between simulation and experiment is 0.973 for 120 °C,
.969 for 140 °C and 0.892 for 180 °C. The different data sets of the
rders of reaction as measured and as applied in the simulation
re shown in Fig. 9 . 
The accuracy of the determination of the kinetics parameters is
bsolutely suﬃcient, because it is only the adaption of the recy-
ling experiments. The batch extraction curves, being the crucial
oint, can be simulated predictively by applying that data sets, as
epicted in the following. 
.2.2. Modeling of extraction 
For an industrial application the extraction curves are the pri-
ary data basis for process development and optimization. There-
ore the degradation kinetics from the previous chapter are imple-
ented and the extraction is predictively simulated. The results
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Fig. 9. Orders of reaction from experiment and simulation. 
Fig. 10. Simulation results of the extraction experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Simulation results of scale-up experiments in comparison to the milli-scale 
device. 
Fig. 12. Enveloping curves for the simulation at 120 °C. 
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m  are shown in Fig. 10 . For ambient temperature the simulation pre-
dicts the measurements well (R 2 = 0.958). At 120 °C the simula-
tion slightly overestimates the degradation (R 2 = 0.943), resulting
in lower yield. At 180 °C the degradation is somewhat underesti-
mated (R 2 = 0.909) and therefore a higher yield is predicted by the
simulation. 
4.2.3. Modeling of scale-up experiments 
A temperature of 120 °C gave the best results in the milli-
scale experiments. Therefore this temperature was used for an ex-
emplary scale-up study. The simulation results for the milli-scale
and the lab-scale devices are compared in Fig. 11 . Parameters for
degradation kinetics are taken from initial degradation simulations
shown in Fig. 8 . Other parameters like the column dimension, ﬂux
and mass of plant material are adjusted to the milli-scale. The re-
sults for the milli-scale device and the lab-scale device at the same
temperature level are shown in Fig. 11 . Consequently, the already
mentioned overestimation of the degradation kinetics at 120 °C
appears in the scale-up calculation as well. Nevertheless, theres a remarkable consistency of the two extraction curves prov-
ng the practical usefulness of the model for predictive scale-up
alculations. 
.2.4. Model parameter sensitivity analysis 
Process robustness is of major signiﬁcance for manufacturing.
he recycling experiments serve as a data basis for extraction and
cale-up, thus a parameter study is performed to show the effect
f inaccuracy of the model parameter determination. The parame-
ers order of reaction, porosity of the plant material, and applied
ass are changed by ±1%. Flow, initial loading of the plant mate-
ial, temperature and reaction rate coeﬃcient are changed by ±5%.
he resulting enveloping curves for the experiment at 120 °C are
hown in Fig. 12 . 
One can clearly see that the resulting curves meet the experi-
ental data quite well even if the underlying data is distorted by
easurement errors or natural ﬂuctuations. Thus, a robust process
M. Sixt, J. Strube / Resource-Eﬃcient Technologies 3 (2017) 177–186 185 
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[  esign is possible and deviations can be described by predictive
imulations. 
. Discussion 
The pressurized hot water extraction shows great potential for
apid extraction of 10-DAB from yew as an example system. PHWE
y deﬁnition operates in a temperature regime above 100 °C due
o the high pressure range. By operating at 120 °C the productiv-
ty can easily be increased by a factor of 3 compared to extrac-
ion at ambient temperature thus the concentration of 10-DAB is
ncreased and there is a ﬁrst bacteria count reduction in the ex-
ract. Under manufacturing aspects, of course a lower temperature
f 90 °C may be an option as well, if mass transfer or solubility is
ﬃcient enough due to the higher polarity in this range. 
Productivity is a suﬃcient key performance parameter in the
rocess evaluation of the solid–liquid extraction step of a natural
rug when operating under optimized yield conditions and within
n optimized space-time-window. Final purity is reached in the
ubsequent puriﬁcation unit operations such as liquid–liquid ex-
raction and chromatography [16] . 
The calculated degradation kinetic allows predictive simulations
or every investigated mode of operation including scale-up. This
nderlines the applicability of the developed approach. Neverthe-
ess, the orders of reaction have to be adjusted to meet the ex-
erimental data best. The transfer of the simulation from recy-
ling mode to real extraction shows a slight overestimation of the
egradation kinetics by 2% at 120 °C, but an acceptable underes-
imation by 8% at 180 °C. Moreover, the order of reaction shows
igniﬁcant impact on the simulation result. An Arrhenius temper-
ture dependency is not used on purpose, because of the change
f the reaction kinetics order. Measurements over a wider temper-
ture range are therefore necessary to determine this parameter
ore precisely in the future and control it with mass spectroscopy
tudies for a more fundamental comprehension [26] . At the current
tate of knowledge there is no satisfying explanation, since com-
on degradation kinetics follows a reaction order of one [27] . One
ossible explanation could be the occurrence of equilibrium reac-
ions which will be a focus of research with partners in the future,
nd their control by mass spectroscopy [26] for fundamental com-
rehension. The pH shift during extraction could also be a reason
or the presented investigations [28,29] . For a fast and knowledge-
riven process design, the developed approach is nevertheless suf-
cient, as shown. 
All experiments, except on lab-scale, were carried out with the
illi-scale device using only 1.9 g of plant material for each ex-
eriment. The small error bars shown in the charts and the good
orrelation between milli-scale and lab-scale device show that
ith minimal amounts of plant material a suﬃcient reproducibil-
ty and accuracy for model parameter determination is possible.
specially, in early stage of research and screening for new ac-
ive pharmaceutical ingredients, with only small amounts of plants
rom wild collection available, this experimental set up in com-
ination with physico-chemical (rigorous) process modeling pro-
ides a suitable tool for cost- and resource-eﬃcient process de-
elopment and scale-up studies. The relatively low operating pres-
ure of only 11 bar compared to reports from other working groups
30,31] allows an easy and cost eﬃcient application even in indus-
rial, large scale operation. At the same time high yields can be
chieved while using a green solvent. 
. Conclusion 
The study shows the signiﬁcant potential of pressurized hot
ater extraction, especially in the combination of experimen-
al model parameter determination in miniaturized scale with ahysico-chemical process model. The different modes of opera-
ion are simulated with slight adjustment of the parameters and
eet the experimental values suﬃciently well. The systematic ap-
roach shown, in combination with rigorous modeling, is suitable
or scale-up studies, and therefore applicable in an industrial envi-
onment. Ongoing research is dedicated to additional applications
nd detailed chemical comprehension by mass spectroscopy stud-
es. This novel process model for the description of PHWE pro-
ess design and scale-up enables total process simulation studies
n combination with already existing puriﬁcation unit operation
odels [16,18–21,32,33] . Process design of natural product man-
facturing processes is therefore possible also for complex mix-
ures with the aid of typical chemical engineering methods. Such
pproaches so far have been standardly applied only for smaller
olecules. First industrial scale equipment for PHWE is available
34–36] . In combination with the concepts, data, and results pre-
ented this indicates the industrial potential of this new method,
esides its prejudices of being complex or costly due to high tem-
erature and pressure. 
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